Mitochondria from green leaves of spinach have been prepared using a three-step procedure involving differential centrifugation, partition in an aqueous dextran polyethylene glycol two-phase system and Percoll gradient centrifugation. The mitochondrial fractions after the different steps of purification were compared. The fmal mitochondrial preparation was totally free from chloroplast material measured as chlorophyll content. The enrichment of mitochondria in relation to peroxisomes and microsomes was approximately 12 and 33 times, respectively, based on NAD:isocitrate dehydrogenase activity, glycolate oxidase activity, and NADPH:cytochrome c oxidoreductase activity. The apparent intactness of the inner and the outer mitochondrial membranes was higher than 90% as measured by latency of enzyme activities. The mitochondria showed high respiratory rates with respiratory control and the ADP/O ratios approached the theoretical limits.
The discovery of the process of photorespiration has increased the interest in mitochondria from photosynthetic tissue. By differential centrifugation functional mitochondrial preparations can be obtained (3, 16) . These preparations contain a great deal of contaminating material, mainly thylakoid membrane fragments; the protein to Chl ratio is approximately 15 (3, 6) . The heavy contamination makes the preparations less suited for studies of molecular composition and enzyme distribution. We have developed a preparation procedure combining differential centrifugation and partition in an aqueous dextran-PEG two-phase system (referred to as "phase partition") (5) giving functional mitochondrial preparations with protein to Chl ratios ofabout 100. Recently about the same degree of purification has been reported using differential centrifugation and Percoll density gradient centrifugation (6, 7) .
In this study we have, by using Percoll density gradient centrifugation, further purified the preparation obtained by differential centrifugation and phase partition. We have thereby been able to remove chlorophyll completely from the mitochondrial preparation while retaining function and intactness of the mitochondria.
MATERIALS AND METHODS
Leaf Material and Reagents. Spinach (Spinacia oleracea L. var. Viking II) was grown at 18 C in nutrient solution (14) with doubled Fe concentration, under artificial light with a light period of 12 h. Fully expanded leaves with the mid-vein removed were used in the preparations. Dextran RESULTS AND DISCUSSION The mitochondrial fraction prepared by differential centrifugation and phase partition was layered onto a discontinuous Percoll gradient. Figure I shows a picture of the gradient after centrifugation. Chloroplast material forms two green bands on top of the 21% (v/v) and the 27% (v/v) Percoll layers, whereas mitochondria form a Chl-free band on top of the 60% (v/v) Percoll layer. Fractions were collected from the gradient as indicated in Figure 1 .
The fractions were assayed for mitochondria (IDH and Cyt c oxidase activities), broken chloroplasts (Chl content), peroxisomes (glycolate oxidase activity), microsomes (NADPH:Cyt c oxidoreductase activity), and protein content (Fig. 2) . The distribution of Chl confirms that the mitochondrial fraction (fraction 5) is totally free from thylakoid contamination. About 65% of the mitochondria layered on the gradient is recovered in the mitochondrial fraction measured both as the IDH and Cyt c oxidase activities. The recovery of glycolate oxidase activity in the mitochondrial fraction is about 40%. The catalase activity was distributed similarly to the glycolate oxidase activity (results not shown). About 30%o of the NADPH:Cyt c oxidoreductase activity layered on the gradient is found in the mitochondrial fraction. As the recovery of mitochondrial activities is about twice the recovery of glycolate oxidase and NADPH:Cyt c oxidoreductase, the contamination by peroxisomes and microsomes is halved in the Percoll gradient centrifugation step.
The intactness of the mitochondrial membranes based on the latencies of enzyme activities after the phase partition step was 93% ± 4% for the inner membrane and 86% ± 10% for the outer membrane. The intactness of the membranes was increased in the Percoll gradient centrifugation step to 95% ± 3% for the inner membrane and 93% ± 4% for the outer membrane. The intactness of the outer mitochondrial membrane after the phase partition step varies between preparations, probably depending on the quality of the leaves. The membrane integrity after gradient centrifugation is consistently high, indicating the removal of ruptured mitochondria on the gradient. Results of Nishimura et al. (12) indicate that IDH is, at least partly, a matrix enzyme as its distribution in a sucrose gradient differs from the distribution of Cyt c oxidase. This would lead to an overestimation of the integrity of the inner membrane using the latency of IDH activity. The latency of succinate:Cyt c oxidoreductase (2) is regarded as a sensitive indicator of mitochondrial integrity (13 gation. The intactness obtained in this study is considerably higher than reported earlier for mitochondria prepared from spinach (6, 7). Table I shows the respiratory properties of the mitochondria after the phase partition and Percoll gradient centrifugation steps. The respiratory rates for the different substrates were increased 30 to 60%o after Percoll gradient centrifugation; the specific activities for the mitochondrial enzymes tested were very little affected (Table II) . This difference can be explained by effects of membrane integrity on respiratory activities. The highest increase in respiratory rate was obtained with glycine as substrate. This is in agreement with the findings that glycine oxidation in plant mitochondria shows an absolute demand on inner membrane integrity (17) . After Percoll gradient centrifugation the RC and ADP/O ratios are somewhat increased as would be expected from the increased membrane integrity. The respiratory rates with the different substrates were always in the order NADH > succinate > glycine in our preparations. Jackson et al. (6, 7) reported the relative rates: NADH > glycine > succinate. In our opinion these differences probably reflect differences in the plant material. In comparison with the preparation by Jackson et al. (6, 7) the state three respiratory rates with NADH and succinate as substrate are higher in our preparation whereas the same rate was obtained with glycine as substrate. In Table II the recovery of mitochondrial and contaminating activities in the different steps of the preparation is summarized. The recovery of intact mitochondria is about 10% of the total amount of mitochondria. Realizing that a considerable fraction of the mitochondria is damaged during homogenization the true recovery of intact mitochondria is higher, and the overall yield seems good despite the fact that the preparation is a multistep procedure. The specific activity of IDH is slightly increased in the Percoll gradient centrifugation step, whereas the specific activity of Cyt c oxidase is slightly decreased. This indicates removal of mitochondrial membrane fragments in the Percoll gradient centrifugation.
The three purification steps complement each other as the separation in each step is based on different properties of the material. Centrifugation separates material mainly according to size, phase partition according to surface properties, and Percoll gradient centrifugation according to density differences. In order to remove completely the thylakoid contamination, all three purification steps must be used as differential centrifugation-phase partition (5) and differential centrifugation-Percoll gradient centrifugation (6) procedures both leave some Chl in the mitochondrial preparations. The peroxisomal contamination is mainly reduced in the centrifugation step (Table III) (8) . Preliminary results in our laboratory show that with the use of this technique it may be possible to reduce considerably the peroxisomal contamination of the mitochondrial preparation.
The protein distribution profile after the Percoll gradient centrifugation is very similar to the distribution of mitochondrial enzyme activities (Fig. 2) , indicating that the mitochondrial preparation after phase partition is fairly pure. The intactness after phase partition is also high, and the respiratory properties (Table  I) are rather good. The preparation obtained by differential centrifugation and phase partition is thus sufficiently pure and intact for many functional studies. Taken together the three purification steps give a highly purified preparation of intact mitochondria with peroxisomes as the most significant contamination. The preparation should be very useful for studies of molecular composition and enzyme distribution.
